The microwave transmission line technique is presented as an effective method for evaluation of honey purity for the first time. The electrical permittivity is an intrinsic parameter of a material that can be used as a purity index. For the permittivity calculation, it is found that the combination of the characteristic matrix method and Tischer's model can offer the highest accuracy.
Introduction
The average composition of honey is about 80 % carbohydrates (e.g., fructose and glucose), 18 % water and 2 % amino acids, minerals, vitamins and proteins. It has been used as a high nutritional food or as a remedy for many diseases. For these benefits to materialise, honey should be free from water and other sweeteners (National Honey Board, 2003) . However, for economic gain, honey has become a target of excessive adulteration worldwide. For example, water is one of the common ingredients for honey adulteration. The adulteration is both fraudulent and unfair to consumers, and it could cause health concerns to those who rely on nutrients from honey products. Therefore, determination of the purity of honey is important for manufacturers, retailers, consumers and regulatory authorities (Chen et al., 2011) .
Two types of methods are commonly used for honey quality assessment: sensory and chemical analyses (e.g., liquid chromatography, infrared spectroscopy and mass spectrometry). The sensory analysis mainly detects honey colour, viscosity, smell, flavour and crystallisation. However, the accuracy of the sensory analysis is limited and usually depends on the experience of the sensory panellists. Chemical analysis also has some disadvantages, such as need for highly skilled labour, ultrapure preparation, expensive instruments and large instrumental analysis (Bá zá r et al., 2016) .
Thus, the development of a relatively fast, easy-to-use and low-cost measurement method becomes attractive.
A microwave-based technique can be an alternative method for quality assessment on the basis of the electrical permittivity, which is an intrinsic parameter of a material that represents the interaction with the electromagnetic field. Establishing explicit relationships between the permittivity and the agri-food constituents can provide a means of rapid inspection of properties (e.g., moisture, fat and salt content) (Chua et al., 2007; Gibson et al., 2008) . Microwave detection methods have various attributes, such as fast (few minutes rather than hours), non-hazardous, capable of measuring bulk properties and less sensitive to environmental conditions (Kharkovsky and Zoughi, 2007; Li et al., 2017) . A number of microwave techniques have been reported in the literature and used in practice
for liquids: open-ended rectangular waveguide (Karpisz et al., 2016 )/ coaxial probe (Guo et al., 2010) techniques, time domain spectroscopy/ reflectometry (TDR) method (Puranik et al., 1991) , resonance methods (e.g., resonant cavity (Liao et al., 2001 ) and coupled split-ring resonator (Watts et al., 2016) ) and free space methods (Jose et al., 2001) . Each method has its own particular advantages, disadvantages and applications.
Specifically, the open-ended methods are prone to errors introduced by improper contact between the probe and the material surface (e.g., air gaps or air bubbles). The TDR measuring instruments are expensive (Venkatesh and Raghavan, 2005) . The resonance approach is inherently narrowband and requires careful sample preparation and calibration (Kraszewski and Nelson, 1992) . For the free space technique, special attention must be paid to the choice of horn antennae, design of the sample holder and the sample geometry and location. On the other hand, the transmission line technique is robust, broadband and suited to materials with a wide range of dielectric loss. For the liquid measurement, two waveguide cells with window can be made to hold the sample on each side. However, few studies have been made on the measurement of honey using this technique.
In this work, the transmission line technique is adopted for the study of honeys and honey adulteration for the first time. First, the Cole-Cole equation for the description of dielectric properties of liquids is introduced. Then the liquid permittivity measurement and the available methods for the permittivity calculation are addressed. From the measurement of distilled water at room temperature over two frequency bands (i.e., 6-8 GHz and 8-12 GHz), the efficiency and accuracy of each permittivity calculation method and frequency band are evaluated by comparison with the empirical data provided by the Cole-Cole equation. Afterwards, the measurements of two types of honeys are conducted over 6-8 GHz. A genetic algorithm, an optimisation method, is employed to quickly search the possible permittivity of the honey samples, which will be a starting point for further accurate calculation. It is also used to obtain the Cole-Cole dielectric parameters for clear and set honeys. The effect of the calibration errors on the accuracy of the permittivity measurement is studied. In addition, its accuracy is compared with that by a by a commercially available dielectric probe. Finally, the effect of the added water on the permittivity of honey-water mixture is investigated in detail and a purity index is identified.
Dielectric properties of liquids

Definition of permittivity
When microwave energy is directed towards a material, part of the energy is reflected, part is transmitted and part is absorbed by the sample. The portion of energy that falls into these three categories have been defined in terms of the scattering parameters and these can be related to the dielectric properties of the sample (Gibson et al., 2008) . The fundamental electrical properties through which the interactions between the electromagnetic wave and the material are described is the complex permittivity ε. It is mathematically expressed as:
where ε0 = 8.8542×10 −12 F/m is the permittivity of free space, and εr is the relative permittivity.
The real part ε'r of εr, or dielectric constant, characterises the ability of a material or a substance to store the electric field energy. ε''r (positive), or dielectric loss factor, reflects the ability of a material to dissipate the electric energy in the form of heat.
Cole-Cole equation for description of liquids
The Cole-Cole equation is a relaxation model that is often used to describe the relative permittivity of liquids. It is given by the equation:
where εs and ε∞ are the 'static' and 'infinite frequency' permittivity. ω is the angular frequency and τ is a time constant. The exponent parameter α is a value between 0 and 1.
For water, the static frequency constant εs is described by (Hasted, 1973) 
where T is the temperature in °C.
And the other relaxation parameters ε∞, τ and α for water are listed in Table 1 . The variation of the relative permittivity of water with respect to frequency and temperature over 1-20 GHz is plotted in Figure 1 . In this frequency range, ε'r and ε''r are of the same order of magnitude, which demonstrates the high-loss characteristic of water. Considering the effect of the lossy medium, the power of the microwaves decays exponentially through the thickness. The penetration depth dp is a practical parameter used for the evaluation of signal propagation. It is defined as the depth where the microwave power is reduced to 1/e (about 37 %) below the surface. For a dielectric material, dp can be calculated by (Pozar, 2011) :
where f is the operating frequency, and c0 is the speed of light in free space. It is seen that the penetration depth is inversely proportional to the frequency. Common dielectric materials are non-magnetic and their relative permeability is very close to one. Hence, the permittivity is the parameter of interest in this work.
All four scattering (S) parameters (i.e., S11, S12, S21 and S22) are obtained at the two reference planes after calibration. The measurement system is operated in the dominant TE10 mode, where only one propagation mode exists in the frequency band of operation. Two different methods are employed for permittivity calculation of the unknown liquid layer: characteristic matrix (CM) method (Baginski et al., 2005; Rulf, 1988) and Musil-Zacek approach (Musil and Zacek, 1986) . 
Characteristic matrix method
For this multi-layer problem, it is convenient to use the characteristic (or ABCD) matrix method. The ABCD matrix of the cascade network can be readily obtained by multiplying the ABCD matrices of the individual layer. By de-embedding, the ABCD matrix of the unknown sample layer can be computed. Subsequently, the S parameters for the sample layer that are functions of the permittivity can be converted from the ABCD matrix.
First, the measured S parameters for all the three layers are converted to ABCD parameters using the following equations: (
where Z0 is the empty waveguide impedance.
This overall ABCD is the product of the ABCD matrices representing each layer (Baginski et al., 2005) :
where γn and Zn are the wave propagation constant and wave impedance of the nth layer, respectively, and given by
where λ and λc are the free space and cut-off wavelengths, respectively, while λg is the guide wavelength of the empty waveguide:
The ABCD matrices for Layer 1 and Layer 3 with known permittivity and permeability can be calculated. Therefore, the ABCD matrix for Layer 2 can be obtained by de-embedding:
In practice, the calculated ABCD matrix does not conform to Equation (7), so the permittivity could not be directly computed based on Equations (8-10). The ABCD matrix is further converted to S parameters:
The new S parameters can be viewed as the data measured at the reference planes shifted inwards to the interfaces between the sample and the windows. Two methods are available for use to extract the permittivity from the S parameters: the Nicolson-Ross-Weir (NRW) solution (Weir, 1974 ) and Tischer's model (Tischer, 1960) .
Nicolson-Ross-Weir solution
In the NRW algorithm the reflection coefficient Γ is computed first from the S parameters: 
The correct root in Equation (13) 
The relative magnetic permeability of the second layer µr2 can be calculated by Equation (17) has an infinite number of roots since the imaginary part of the logarithm of a complex number is equal to the angle of the complex value plus 2πk, where k is equal to the integer of (t2/ λg).
The permittivity εr2 is given by: The NRW solution is not explicit due to the phase ambiguity. And spurious peaks would occur in the permittivity and permeability curves when the thickness of the sample is an integral multiple of a half wavelength of the microwaves within the sample (Kim et al., 2011) .
Tischer model
For the materials with negligible magnetic permeability, the Tischer model can be used for permittivity calculation. Assuming there is only one layer with a thickness of t0, the expressions for S11 and S21 are (Tischer, 1960) :
where β0=2π/λg is the phase constant of the transmission line. Here, the complex propagation constant γ is given by 
The Newton-Raphson approximation method can be applied to solve the transcendental equations (Equations (22) and (23)) for the unknown γ (Ball and Horsfield, 1998 Musil and Zacek (Weir, 1974 ) is adopted here. In this approach, Layer 1 and Layer 3 should be identical, that is, εr1=εr3, t1= t3, and µr1= µr2= µr3=1. The overall S11 of the three layers is written as (Haigh et al., 2001; Musil and Zacek, 1986 
where a, b, c and d are given by
where γ1 is the complex propagation constant of the first and third layers, and γ2 is the complex propagation constant of the second layer. γ1 and γ2 can be computed based on Equation (21).
The overall S21 of the whole cell is derived as (Haigh et al., 2001) 
Similarly, the Newton-Raphson approximation method can be used to extract the permittivity from the expression of S11 or S21.
Discussion
The permittivity calculation procedure for the three-layer problem is summarised in Figure 3 .
Different from the Musil-Zacek approach, in the CM method the windows are not limited to be of the same thickness and material. As a non-iterative method, the computational speed of the NRW solution is the fastest among the methods considered. And it can also be used for the calculation of permeability µ, although this is not necessary here (water and honeys are nonmagnetic materials). As mentioned above, in the NRW solution, the parameter k should be carefully chosen. For the Newton-Raphson approximation method, the differentiation of S11 or S21 with respect to the propagation constant γ needs to be derived beforehand, and results depend on the initial estimation of the permittivity by trial and error. However, for intelligent algorithms (e.g., genetic algorithm (GA) (Mitchell, 1996) , particle swarm optimisation and ant colony algorithm), the derivatives of the objective function and constraints are not required, and they have better global search abilities than traditional optimisation methods. Hence, the genetic algorithm can be introduced to obtain an approximate value of the permittivity, which can be used as a reference/starting point for more accurate calculation in the NRW and Newton-Raphson method. It is noted that the computation process of the GA is relatively time-consuming. Therefore, a compromise must be made between the accuracy and considerable computation time. In this work, the genetic algorithm with a relatively small population size and a few iterations is implemented.
The genetic algorithm simulates a natural genetics mechanism for synthetic systems based on operators that are duplicates of natural ones. The principle of survival of the fittest is applied into the optimisation, which consists of three primary genetic operators: selection, crossover and mutation.
For the permittivity approximation, the fitness function as a measure of the quality of the solutions produced at each iteration is defined as follows:
where Nf is the number of the frequency sampling points. εGA is a permittivity solution generated by the genetic algorithm. S can be either S11 (Equation (19) or Equation (25)) or S21 (Equation (20) or Equation (27)). δ is a small constant preset to avoid the singularity.
Experimental setup
The schematic diagram of the permittivity measurement using the transmission line technique is illustrated in Figure 4 . A personal computer was connected to an HP8510C Vector Network Analyser (VNA) by an IEEE-488 cable. A MATLAB ® programme was developed for acquisition of S-parameters from the VNA and permittivity computation. The output signal power level was set to 10.0 dBm (i.e., 10 mW). All the experiments were conducted at room temperature (23±1 °C ).
Figure 4 Setup of the transmission line technique for the permittivity measurement of liquids
Two sets of rectangular waveguides were available for use. The thicknesses of the liquid layer and two Perspex windows (εr1=εr3=2.6-j0.06) for each set are listed in Table 2 . It is seen that Musil-Zacek approach is applicable to the WG16 case. 201 frequency sampling points were chosen in both cases. Prior to the test, the VNA was calibrated using the thru-reflect-line (TRL) standard. Calibration accuracy was checked using a flush short. Over the frequency range attenuation was less than 0.1 dB and the phase shift was 180° ± 0.5°. The accuracy of each permittivity calculation method was verified by the measurement of air, where the empty sample cell was held by the two Perspex windows.
A bottle of clear honey and a bottle of set honey were purchased from a local supermarket. The balance of the fructose and glucose determines whether a honey is clear or set. The set honey is more viscous than the clear honey, as the fructose content in the latter honey is higher. However, there is no difference in the taste or nutritional value of these two types. The details of the nutrition are listed in Table 3 . In the honey test, every liquid sample was carefully placed into the waveguide cell, making sure that no air bubbles were trapped inside. 
Permittivity of water
In this test, distilled water was measured over 6-8 GHz. Its permittivity calculated by CM-NRW and CM-Tischer methods is shown in Figure 5 .The empirical values given by the Cole-Cole equation (Equation (2)) at 20 °C and 30 °C are also presented for comparison. For ε'r, the errors of CM-NRW and CM-Tischer-S11 are about 7 % and 13 %, respectively. Only the CM-Tischer-S21 curve is close to the two Cole-Cole curves. In terms of ε''r, all the three curves are between the Cole-Cole curves as expected, while the CM-Tischer-S11 curve is not as stable as the other two curves.
(a) ε'r (b) ε''r Figure 5 Relative permittivity of distilled water measured over WG14 (6-8 GHz)
The permittivity results of water provided by WG16 measurement are demonstrated in Figure 6 . For ε'r, the CM-Tischer-S11 and Musil-Zacek-S11 curves overlap, and both are above the Cole-Cole method offers the best performance in terms of signal penetration and computational accuracy.
Hence, this combination is selected in the following studies.
Permittivity of clear honey
Here the genetic algorithm is employed to find an approximate permittivity of the clear honey, as its permittivity was unknown before the test. The maximum permittivity of water (data given by the CM-Tischer-S21 method) is set as the upper limit, while the permittivity of free space (1-j0) is the lower limit. Hence, the limits initialised in the optimisation are: ε'r ranges from 1 to 72 and ε''r ranges from 0 to 26. Main GA parameters used are listed in Table 4 . Both the population size and number of iterations are set to 200, so the whole process can be performed within a short period. For a personal computer with an Intel core i5 Central Processing Unit (CPU), double processors and 4 GB memory, it took about 2.5 minutes to complete. As plotted in Figure 8 , after the optimisation process, most of the fitness values are near to 100, which indicates that ideal solutions are achieved according to Equation (28). The permittivity at the frequencies where the fitness values are above 90 is averaged, and the average value 7.16-j2.71 is set as the input estimation for the Newton-Raphson method. The resultant permittivity of the clear honey is shown in Figure 9 .The final ε'r and ε''r are close to the average value by GA, which denotes high efficiency offered by the genetic optimisation for permittivity approximation. (1) The effect of the calibration errors on the accuracy of the honey permittivity measurement is investigated. Four special cases with the magnitude and phase of all the four S-parameters added or subtracted by the calibration errors of attenuation (i.e., ±0.1 dB) and phase shift (i.e., ±0.5°) are considered. By comparing the permittivity differences between the four cases, the measurement uncertainties can be obtained. The measurement uncertainties at five frequencies are presented in Table 5 . 
The parameter settings of the GA are the same as those for permittivity approximation (Table 4 ). The calculated Cole-Cole parameters for the two types of honeys at room temperature and over 6-8 GHz are listed in Table 6 . For each case, the computation can be finished within five seconds. In addition, a high fitness function value is achieved, which indicates good agreement with the measured permittivity. water. The tip of the probe was placed in the honey with no air bubbles between honey and the probe tip. The permittivity was calculated by the Agilent dielectric probe kit software after data acquisition of S11 from an HP8510A VNA.
The permittivity comparison between the transmission line technique (T-series) and the dielectric probe technique (D-series) is presented in Figure 11 . In general, for each type of honey, the values obtained by the dielectric probe are lower than those by the transmission line technique. An example of the measurement difference at the centre frequency 7 GHz is presented in Table 7 . The average differences of ε'r and ε''r are approximately 4 % and 33 %.
There are some special characteristics about the dielectric probe used. For example, the material under test is assumed "infinite" in size, and the method is not recommended for low loss (tanδ < 0.5) materials with ε'r>5. The accuracy provided by the dielectric probe is ε'r= ε'r±0.05| εr | and ε''r =ε''r±0.05| εr | (Agilent 85070E Dielectric Probe Kit 200 MHz to 50 GHz Technical Overview, 2012) .
For the present case, the honey samples belong to the low-loss materials that are not recommended for the measurement, which could be the reason of the measurement inaccuracy. Hence, the transmission line technique is more reliable for the permittivity measurement of the honey investigated.
(a) ε'r (b) ε''r electronic balance with precision of 0.0001 g. The water and honey were mixed evenly.
The permittivity values of the adulterated clear honeys with various added water contents are shown in Figure 12 . Both ε'r and ε''r increase when more water is added. Curves of the cases with 40 % and 50 % added water become unstable at higher frequencies, which is similar to the trend of the curves of distilled water. It is noted that in the case with 50 % added water ε'r is approximately a half of that of water as expected. However, ε''r of the clear honey-water mixture is near to that of water, which demonstrates that water has a significant effect on the dielectric loss of the mixture. 
where ξ is the weight percent of added water in the honey-water mixture.
The corresponding statistical regression coefficients and reliability of the approximation (R 2 ) are given in Table 8 . The high coefficients of determination indicate a strong correlation between the dielectric properties and the added water content. Considering the measurement uncertainty, the minimum weight percent of added water can be determined (0.8 % for the present two honey cases). 
Concluding remarks
The potential of the microwave transmission line technique for evaluation of honey purity has been presented. The permittivity can be used as a honey purity indicator. Two calculation methods (i.e., characteristic matrix method and Musil-Zacek approach) for the liquid permittivity measurement have been addressed. In the characteristic matrix method, the NRW solution and Tischer's model can be applied after de-embedding. The Musil-Zacek approach is only suited to the cases where the two windows are identical. From the measurement of distilled water, it has been found that the MusilZacek approach provides the same results as the characteristic matrix-Tischer method. Signal penetration is weak in the measurement over WG16 (8) (9) (10) (11) (12) . By using the WG14 (6-8 GHz)
waveguide set and the characteristic matrix-Tischer permittivity calculation methodology, the results obtained agree well with the empirical values given by the Cole-Cole equation.
Permittivity of the clear honey and set honey was measured over 6-8 GHz. The genetic algorithm has been employed to provide a reasonable permittivity value. The permittivity of the set honey is slightly smaller than that of the clear honey. In both cases, the permittivity decreases with increasing frequency. From the study of the measurement uncertainty, it has been shown that high accuracy of permittivity calculation can be achieved. The Cole-Cole parameters for the two types of honeys have been obtained using the genetic algorithm. A commercial dielectric coaxial probe was used for comparison, while some measurement inaccuracy is found due to the inherent limitations. Hence, the transmission line method is more suitable for the measurement of the honey samples studied.
Water was added into the honey samples to simulate the adulteration. The permittivity results of the adulterated honeys have shown that water has a significant effect. Specifically, the real permittivity ε'r increases with the increased added water content, which roughly obeys the rule of mixture.
However, a greater increase is observed in the imaginary permittivity ε''r . For the honey-water mixture with 50 wt % added water, ε''r is close to that of water. From the regression analysis, relationships between the added water content and the permittivity of the adulterated honeys (i.e., a quadratic fit to ε'r and a linear fit to ε''r) have been established with high reliability of approximation (R 2 >0.994), which is convenient for a rapid and simple examination.
The microwave method demonstrated here can effectively measure the added water content in honeys, but further development is needed for practical industrial environments.
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